The orientation dependence of creep strength of the single crystal superalloy CMSX-4 was studied in the temperature range 1123 -1253K. At 1123K creep behavior and lifetimes for small strains are highly anisotropic with the highest variations occurring in the primary creep regime. Secondary creep strength decreases in the order
Introduction
In order to take full advantage of the high temperature capabilities of single crystal superalloys, the strong anisotropy of various properties including high temperature creep strength must be considered. Although turbine blades are mainly stressed in the [OOI] direction, which is their natural solidification direction, their complex shapes and high temperature gradients produce locally multiaxial stress states and high thermal stresses acting in various directions. A comprehensive study of the influence of orientation on the creep behavior of the single crystal alloys MAR-M200 and MAR-M247 at 1047 K was presented by MacKay and Maier [I] . They reported long lifetimes for orientations near [il l] or [OOI] and short lives for samples oriented close to [Ol I]. The creep strength was found to depend mainly on the amount of lattice rotation required to produce intersecting Superalloys 1996 slip on { 1 I1 }<112> type slip systems, which is necessary for the transition from primary to secondary creep. Caron et al. [2] showed for some advanced superalloys (CMSX-2, Alloy 454, MXON, CMSX4) the strong influence of the y'-particle size on creep strength and rupture lives at intermediate temperatures (1033 K-l 123 K). For a mean particle size of about 0.45pm optimum creep strength is obtained from orientations close to [OOl] , whereas rupture lives for [i 1 I] are drastically reduced. For more elevated temperatures they reported a rapid decrease of the creep anisotropy due to a change in the prevailing deformation mechanism from heterogeneous cooperative shearing of the y/y'-structure by ( 1 1 1 ]<112> slip to a more homogenous (111 )<I lO> type slip in the matrix phase and creep induced morphology changes of the y'-phase. The authors also suggested, that the rhenium content of second generation superalloys may reduce the extent of anisotropic creep, however, no microscopic reasons for this behavior were given. Generally most studies of creep anisotropy were mainly performed under testing conditions, which promoted extensive shearing of the y'-phase by ( 11 I }< 112> slip [ l-41. This mode of deformation results in a high degree of anisotropy especially in the primary creep stage and accordingly in lifetimes for small strains. The transition to more homogenous matrix deformation with increasing temperature and decreasing stress tends to reduce orientation dependence [2] . At temperatures above 1173K, however, the instability of the y'-morphology makes it difficult to distinguish between the effects of different deformation mechanisms and raft formation. Unfortunately there is a lack of creep data and knowledge of deformation mechanisms in the temperature range between 1073K and 1173K, where extensive shearing of the y'-phase disappears and the y'-morphology remains stable during creep tests. Therefore the main target of this paper is the investigation of creep anisotropy in the advanced Re-containing alloy CMSX-4 at a temperature of 1123K. Analysis of creep data was focused on small strains up to 5% in order to study the creep behavior in primary and secondary creep stage, which are most relevant for technical applications. Additional tests at 1253K were carried out to explore the influence of Table I : Nominal Chemical Composition of CMSX-4 (wt.-%) [5] . morphological changes of the y'-phase on creep behavior. Extensive transmission electron microscopy (TEM) investigations were performed in order to identify the microscopic deformation mechanisms as function of crystal orientation and to provide an explanation for the macroscopic behavior.
Material and Exnerimental Procedures
The chemical composition of the superalloy CMSX4 is given in Table I . The addition of approximately 3 wt.-% rhenium improves the creep strength of the material significantly [5, 6] . 
Discussion
The creep tests of CMSX-4 single crystals showed a high degree of anisotropy, which is retained up to high temperatures. The most prominent features of creep in CMSX4 are the concentration of plastic deformation in the matrix phase at the smaller strains investigated here and the poor creep resistance of [ill] oriented crystals at both temperatures of 1123K and 1253K. This has not been reported for other alloys [2] . The comparison of our result with other findings, however, is not straightforward, since we chose to evaluate creep strength by strain-lifetimes instead of total rupture lives. In the latter case the results depend strongly on rupture elongation and tertiary creep behavior, which may possess a different orientation dependence than the creep behavior in the primary and secondary creep stage we were interested in. Strain-lifetimes for small strains depend strongly on the primary creep behavior, which proved to be far more anisotropic at 1123K than secondary creep behavior. It is therefore convenient to discuss both regimes separately.
Primary Creeu at 1123K
The strong sensitivity of the primary creep behavior of crystals in [OOl] and [Oil] orientation to small misorientations is generally explained by the multiplicity of active (111)<112> slip systems [1.3,4] . In this mode of deformation the y'-precipitates are sheared by a/3<112> partial dislocations under formation of a superlattice stacking faults (SSF). Single slip orientations promote high primary creep rates and strains due to the absence of strain hardening. Under the present conditions extensive (111}<112> slip was observed only for [OOl] The deformation of the matrix-phase occurs independent of orientation by the well know mechanism of the expansion of a/2<1 IO>{ 1 I I ) dislocation loops on ( 111 ) slip planes in the narrow matrix channels [5, 12, 13 ] (see Fig. 4 ). The propagation of dislocation loops starting from grown-in sources is directed by the effective shear stresses in the matrix channels, which vary with the orientation of the matrix channels with respect to the load axis. 
Secondary Creep at 1123K
The secondary creep rates, which mainly control the total rupture lives, are much less sensitive to small misorientations than the primary creep behavior. Regardless of orientation and stress deformation occurs mainly in the matrix phase, even in samples with prominent cutting of the y'-phase by stacking faults during primary creep. TEM investigations on [OOI] oriented samples revealed, that the number of stacking faults remains virtually constant after the maximum of the creep rate up to strains of about 6%. The depletion of the stacking fault mechanism with increasing strain can be explained by the loss of coherency between the two phases caused by interfacial dislocation networks [ 171. Coherency stresses were shown to facilitate the dissociation of matrix dislocations required for the generation of stacking faults. With increasing strain cutting of the y'-phase by individual pairs of a/2<1 IO>{ II 1) dislocation pairs is observed. Pollock and Argon [ 1 I] related this behavior to the build-up of stresses in the y'-particles caused by the plastic flow of the matrix phase between the undeformable y'-cubes. The rate-controlling mechanism, however, is the deformation of the matrix phase. TEM observation showed for samples of all orientations a quasi-stationary dislocation structure, which is retained in the strain range investigated in this study. This dislocation structure still reflects the influence of coherency stresses discussed above. In [OOI] specimens the dislocation density in horizontal matrix channels is still considerably higher than in vertical channels. The concentration of matrix deformation on horizontal matrix channels contributes significantly to the superior creep resistance of the [OOI] orientation. Other beneficial features are the multitude of active { 111 )<I IO> type slip systems and the high stresses required for the dislocation loop process in the narrow matrix channels. The outcome of these processes is a quick increase in dislocation density after small strains and the build-up of dense dislocation networks in the y/y'-interfaces. In [01 1] orientation the creep resistance of the matrix phase is clearly weaker than for [OOl] . Here two types of matrix channels, the so called "roof channels" are highly stressed and therefore subjected to strong deformation. The number of active slip systems is only four instead of eight for [OOl] and from Schmid factor considerations no cross slip on ( I I I ) planes is possible. Therefore the probability of dislocation interactions with a hardening effect is reduced. The lower resistance to matrix deformation together with the pronounced y'-particle shearing result in higher secondary creep rates as compared to the [OOI] orientation. In [il I] orientation the creep curves (see Fig. la) show no clear transition from primary to secondary creep stage. Since deformation in the matrix phase occurs by { 1 II)<1 lO> multiple slip already during primary creep, the amount of strain hardening following the maximum of the creep rate in specimen F is rather limited (see Fig. la) , resulting in the highest secondary creep rates of all orientations. TEM observations showed, that the basic deformation mechanisms are the same during primary and secondary creep [17] . Therefore the poor creep strength of [il I] oriented crystals can be understood as a combined effect of the uniform matrix deformation in all three types of matrix channels, poor strain hardening due to a selection mechanism for active slip systems in each channel type and the high mobility of interfacial screw dislocations by repeated cross slip on ( 1 1 1 } planes. 
CreeD at 1253K
The main features of creep deformation of superalloys at high temperatures are the instability of the y'-morphology and a homogenous character of plastic deformation due to the absence of extended stacking fault bands and a higher mobility of dislocations. A comprehensive study on the creep behavior of several alloys by Caron et al. [2] suggests, that these effects reduce the orientation dependence of creep strength. This tendency is also reflected in the creep curves of [OOI] and [01 I] oriented CMSX-4 single crystals (see Fig. lb) . The primary creep stage, which showed the highest degree of anisotropy at lower temperatures, is here reduced to a short transient. In the following distinct minimum of the creep rate a quasi-steady state is reached. It should be noted, that in the representation of creep curves as creep rate vs. strain plots sections with low strain rates appear compressed. Actually the specimens spend a great fraction of their total lifetime in this stage. The minimum creep rates appear to be quite independent of orientation, although plastic deformation is concentrated in highly stressed matrix channels in the same way as described above for lower temperatures. The effect of coherency stresses is here aggravated by the gradual process of directional coarsening of the y'-phase, which results in the disappearance of lower stressed matrix channels. The evolution of the y'-morphology results in characteristic spatial arrangements of the y'-phase shown in Fig. 6 . The initially cuboidal y'-precipitates form rafts perpendicular to the load axis in [OOI] orientation and bars aligned parallel to the [ 1001 direction for [Ol I] oriented samples. This process is almost completed in the samples deformed to about 4% strain. The evolution of the y'-morphology corresponds with a drastic reduction of creep strength. The reasons for this are the broadening of the remaining matrix channels and a reduction of the threshold stress for the cutting of the y'-phase by a/2 ?1 lo>{ 111) dislocation pairs [ 181. In [rl l] orientation the typical shape of the creep curves with a pronounced maximum of the creep rate is retained up to high temperatures and results in very short lifetimes for small strains. The microstructure in the primary creep stage, where the initial cuboidal y'-morphology is still intact, shows the same features as at lower temperatures, i.e. homogenous deformation in all types of matrix channels, cross slip of screw dislocatidns and a reduced number of active slip systems. In the following secondary creep stage the y'-particles coarsen irregularly parallel to the cubic directions. Due to the high creep rates in [il I] the extent of particle coarsening after equal strains cannot be easily compared to other orientations due to the large differences in creep test duration. Careful inspection of the creep curves of [i 1 I] oriented crystals (see Fig. lb 
